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The EspF Effector, a Bacterial Pathogen’s Swiss Army Knife�
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Central to the pathogenesis of many bacterial pathogens is the ability to deliver effector proteins directly into
the cells of their eukaryotic host. EspF is one of many effector proteins exclusive to the attaching and effacing
pathogen family that includes enteropathogenic (EPEC) and enterohemorrhagic (EHEC) Escherichia coli.
Work in recent years has revealed EspF to be one of the most multifunctional effector proteins known, with
defined roles in several host cellular processes, including disruption of the epithelial barrier, antiphagocytosis,
microvillus effacement, host membrane remodelling, modulation of the cytoskeleton, targeting and disruption
of the nucleolus, intermediate filament disruption, cell invasion, mitochondrial dysfunction, apoptosis, and
inhibition of several important epithelial transporters. Surprisingly, despite this high number of functions,
EspF is a relatively small effector protein, and recent work has begun to decipher the molecular events that
underlie its multifunctionality. This review focuses on the activities of EspF within the host cell and discusses
recent findings and molecular insights relating to the virulence functions of this fascinating bacterial effector.

Many of the world’s most important diseases are caused by
bacterial pathogens that deliver a large number of virulence
proteins, termed effectors, into the cells of their host. One
group of bacterial pathogens, the attaching and effacing (A/E)
family, targets the mammalian intestinal tract, where they
cause histopathological lesions on the apical surface of host
enterocytes (51). A/E pathogens, which include enteropatho-
genic Escherichia coli (EPEC), enterohemorrhagic E. coli
(EHEC), and Citrobacter rodentium, remain on the surface of
host cells and inject a raft of effector proteins through the
bacterium’s type three secretion system (T3SS). These effector
proteins cause major disruption to host cell physiology, ulti-
mately leading to diarrheal disease.

Common to all A/E pathogens is a chromosomal pathoge-
nicity island called the locus of enterocyte effacement (LEE),
which carries many virulence genes, including the T3SS and six
known effector proteins, Tir, Map, EspF, EspG, EspH, and
EspZ (10). Tir is the best studied LEE effector and is known to
target the host plasma membrane, where it serves as a receptor
for the bacterial outer membrane protein Intimin. Tir is an
essential virulence determinant (15, 31), possibly relating to its
role in bacterial attachment, while a critical role for EspZ
(previously known as SepZ) has also been demonstrated (15).
For the remaining A/E pathogen effectors, it is widely accepted
that most play a smaller, additive role in virulence, although
the deletion of some effector genes has no obvious defects (25).
Despite this, the biological functions of many A/E pathogen
effectors have been determined in some depth, particularly
those of the LEE-encoded effector EspF, which is becoming a

model bacterial effector of multifunctionality, an emerging fea-
ture of effector proteins (27). Currently, EspF has the greatest
number of reported functions among the A/E pathogen effec-
tors and is one of the most multifunctional effector proteins
known. Here, we review the diverse functions of EspF and
discuss its role in disease processes in light of recent findings.

DISCOVERY OF EspF AND ITS MODULAR STRUCTURE

EspF was first identified for enteropathogenic E. coli by
McNamara and Donnenberg, on the basis that it contained
three eukaryotic-like proline-rich repeats (PRR) (34). Each
PRR comprises two putative overlapping Src homology 3
(SH3]) binding domains with the consensus PxxP motif (Fig. 1)
that is reported to mediate binding to a large number of eu-
karyotic signaling proteins containing the well-characterized
SH3 domain (33). The presence of the PRR and SH3 binding
motifs initially suggested that EspF could be an effector pro-
tein, and subsequent secretion and translocation assays re-
vealed this to be the case (34, 35). EspF has since been found
in all A/E pathogens, although its size varies, being dictated by
the number of PRR modules, with the rabbit-specific EPEC
strain RDEC-1 possessing two, prototypical EPEC three, EHEC
four, and C. rodentium five (Fig. 1A). Some A/E pathogens carry
additional EspF homologues, such as Tccp/EspF(U), which dis-
plays partial similarity to EspF and possesses the PRR regions (4,
18). However, Tccp/EspF(U) effectors have been reviewed else-
where and will not be discussed here in detail (17).

Like most bacterial effectors, EspF exhibits a modular ar-
chitecture composed of several distinct functional domains
along its length (Fig. 1). These include a well-conserved N-
terminal region containing the bacterial secretion signal (res-
idues 1 to 20) that is sufficient for EspF secretion and translo-
cation into host cells (7). Superimposed within the N-terminal
region are two organelle-targeting domains (Fig. 1C) that di-
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rect EspF to the host mitochondria (residues 1 to 24) or the
nucleolus (residues 21 to 74) (14, 40, 42). Phylogenetic analysis
of the N-terminal region prior to the PRR regions (residues 1
to 74) (Fig. 1B) shows that EPEC and EHEC EspF exhibit
high similarity, while the RDEC-1 and C. rodentium variants
are more distantly related (Fig. 1B). This variation appears to
have functional significance, as the disruption of the host nu-
cleolus (an EspF-dependent event) was not observed with C.
rodentium or RDEC-1 (14), suggesting that mutations within
region 21 to 74 alter the nucleolus-disruptive behavior of EspF
in these pathogens (14). The remaining C-terminal region of
EspF (residue 74 and onward in all variants) (Fig. 1A) com-
prises the PRR modules, which are almost identical in size and
sequence homology between the EspF variants (Fig. 1D). In
addition to the SH3 binding domains described above, the
PRR also contain a functional neuronal Wiskott-Aldrich syn-
drome (N-WASP) binding motif (1) toward the C-terminal end
of each repeat (Fig. 1D).

SUBCELLULAR TARGETS OF EspF

Microscopy analysis of infected host cells has consistently
shown that almost all EspF is confined to host mitochondria
(14, 29, 40, 42) (see Fig. 3). This finding suggested that mito-
chondria were either central to EspF’s diverse functions or that

other unidentified or transient target sites remained undiscov-
ered. Alto et al. (1) revealed that when expressed in host cells,
enhanced green fluorescent protein (EGFP)-EspF was highly
dynamic and accumulated transiently in patches at the plasma
membrane (1). This subcellular behavior was evident only be-
cause the N-terminal EGFP fusion abolishes EspF mitochon-
drial targeting (40), thereby uncovering EspF’s extramitochon-
drial target sites. Recently, confocal sectioning of infected host
cells revealed that in addition to being found in the mitochon-
dria, EspF was found inside the host nucleolus (see Fig. 3C and
D), a subnuclear structure responsible for ribosome biosynthe-
sis. As targeting of the mitochondria and nucleolus are not
required for the majority of EspF’s functions (10, 14, 24, 47,
58) (see Fig. 3A), it is likely that a significant cytoplasmic pool
of EspF exists, and Western blot analyses of fractionated host
cells support this premise (29) (see Fig. 3E).

EspF’S EUKARYOTIC BINDING PARTNERS

EspF has been found to bind several host proteins (10), and
while some putative interactions have been identified through
yeast two-hybrid studies, many proven EspF binding partners
have been determined and studied in greater detail. These in-
clude EspF interactions with actin, profilin, Arp2, N-WASP, sort-
ing nexin 9, Abcf2, and the intermediate filament protein cyto-

FIG. 1. Modular architecture of EspF. (A) The different sizes of the four main EspF variants are determined by their number of proline-rich
repeats (PRR), which are almost identical in size and sequence similarity. The EPEC and EHEC strains relate to E2348/69 and EDL933,
respectively. (B) Phylogenetic tree of the N-terminal EspF region (residues 1 to 73) produced by using Clustal W software. Percent values indicate
sequence identity relative to the EPEC variant. (C) Modular structure of the N-terminal region (residues 1 to 73) comprising the secretion signal,
mitochondrial targeting signal (MTS), and nucleolar targeting domain. (D) Typical EspF PRR module taken from EPEC EspF, showing the host
protein binding motifs; SNX9, sorting nexin 9.
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keratin 18 (1, 43, 45, 57). In addition, affinity purification of
glutathione S-transferase (GST)-tagged EspF expressed in yeast
followed by mass spectrometry (MS) analysis has also revealed a
number of interesting putative interactions, including a plasma
membrane ATPase and E3 ubiquitin ligase, among others (see
reference 22). Whether these EspF interactions in yeast translate
to those in mammalian cells is unclear, particularly as the proven
mammalian partners described above were not reported for yeast
(22). Given the wide range of host cellular processes subverted by

EspF (Fig. 2), it is likely that other eukaryotic binding partners
remain to be discovered.

TARGETING THE MITOCHONDRIA: APOPTOSIS
AND SELF-REGULATION

In silico analysis of the EspF protein indicates that it pos-
sesses a typical mitochondrial targeting sequence (MTS)
within the first 101 amino acids (42). The N terminus of EspF

FIG. 2. The multiple functions of EspF. (A) Table listing all known functions of EspF in A/E pathogens as described in the text. The far-left
column indicates whether evidence for the EspF function is direct (host cell expression or biochemical studies) or related to infection with
EspF-deficient bacterial mutants. (B) Diagram of intestinal cells illustrating the varied functions and subcellular behavior of EspF. Parentheses
indicate the host protein interaction predicted or proven to play a role in the indicated function.
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has a predicted amphipathic �-helix, bearing a hydrophobic
surface on one side and a positively charged hydrophilic face
on the other side, features consistent with mitochondrial tar-
geting sequences (41, 42). The N-terminal MTS of EPEC EspF
has been verified experimentally with the first 24 amino acids
sufficient for mitochondrial import (40), while residues 1 to 70
are important for full mitochondrial targeting (40, 42). There is
also an essential role for leucine at position 16 in mitochon-
drial targeting (40, 42), and mutation of this residue to glu-
tamic acid (L16E) has been a pivotal step in determining which
of EspF’s functions are dependent on mitochondrial targeting
(see below) (Fig. 3A). In addition, EspF exhibits a consensus
Tom20 recognition motif in its N-terminal region (residues 13
to 17) (39), implying that its import into mitochondria is facil-
itated via the mitochondrial outer membrane protein Tom20
(40). Like many proteins imported into mitochondria, EspF is
cleaved within the mitochondrial fraction of EPEC-infected
cells, resulting in two distinct forms with approximate sizes of
�28 kDa and �17 kDa (42) (Fig. 3). Processing of EspF is
entirely dependent on an intact mitochondrial membrane poten-
tial, as the smaller cleaved form is not present in cells treated with
the mitochondrial inhibitor valinomycin (14) (Fig. 3F).

Role in apoptosis. Until recently, only one of EspF’s func-
tions, the induction of apoptosis, was dependent on mitochon-
drial targeting (40). EspF initiates the induction of the intrinsic
apoptotic pathway by disrupting mitochondrial membrane po-

tential (MMP), which releases cytochrome c into the cyto-
plasm, leading to caspase 9 cleavage (42). The mechanism has
been dissected in more detail (42) with EspF shown to bind
and cause depletion of the host protein Abcf2 within the mi-
tochondria (43). RNA interference (RNAi) knockdowns also
revealed an important role for Abcf2 in impeding apoptotic
induction and provided a rationale for why EspF targets this
particular protein (43). This interesting study highlighted the use-
fulness of using bacterial effectors in eukaryotic cell biology, as the
work proposed that the relatively unknown protein Abcf2 was an
antiapoptotic factor (43).

Whether apoptosis is EspF’s primary role for targeting mi-
tochondria is open to debate. Although EPEC induces apop-
tosis in nonpolarized cell types, such as HeLa cells in vitro (9,
40, 42), the apoptotic index is quite low, particularly compared
to that of other pathogens (8, 13). In addition, target cell types
such as polarized intestinal cells are relatively resistant to
EPEC-mediated apoptosis (58), and late-stage apoptotic
events are rarely observed for EPEC-infected cells (23). Col-
lectively, these data suggest that apoptosis may not be the
desired outcome of EspF mitochondrial targeting, at least with
EPEC. This idea is further supported by a recent study which
revealed that EPEC and C. rodentium employ the effector
NleH to counteract apoptosis and promote host cell survival
(23). However, in direct contrast to this finding, Nagai et al.
(40) demonstrated that late-stage apoptosis (assessed by DNA

FIG. 3. Subcellular locations of EspF. (A) Table listing the predicted and proven subcellular locations for EspF’s multiple functions, based on
the assumption that EspF only targets the three locations given, although other sites are likely. Mito., mitochondrial; Nuc., nucleolar. (B) Colo-
calization of EspF with the mitochondrial marker DsRed in EPEC-infected HeLa cells. (C) EspF present in the mitochondria and nucleolus in
late-stage-infected HeLa cells. (D) Nucleolar accumulation of the EspF variant (L16E) that cannot target the mitochondria. (E) Western blot
(WB) showing EspF in both the mitochondrial (Mito.) and cytoplasmic (Cyto.) fractions of Caco-2 cells at all stages of infection. (F) Processing
of EspF within the mitochondrial fraction of infected intestinal cells is dependent on an intact mitochondrial membrane potential (a) and is
prevented with the mitochondrial inhibitor valinomycin (b).
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fragmentation) is evident in the colons of mice infected with C.
rodentium, mediated by EspF mitochondrial targeting. Two
separate studies also showed high levels of apoptosis in the
intestines of C. rodentium-infected mice (55, 56) that was also
dependent on EspF (55). In the latter study, a pathophysiolog-
ical role for EspF-mediated apoptosis was proposed, as it stim-
ulated a specific immune response involving interleukin-17-
producing T helper cells [T(H)17] within the mouse intestine
(55). The authors concluded that apoptosis induced by
Citrobacter preferentially invokes T(H)17 immune responses
(55), although it is unclear what benefit such immune responses
would confer during infection. Thus, although a role for apoptosis
has not been demonstrated in vivo with EPEC, evidence is accu-
mulating that apoptosis is a specific EspF-mediated event associ-
ated with C. rodentium infection. It is unclear why there are
differences in the results of in vivo infection studies, but it is
possible that different experimental conditions may affect the bal-
ance between pro- and antiapoptotic signaling and thus explain
the different reported outcomes.

Case for spatio-temporal self-regulation. Recent work has
provided an alternative possibility (14) for why EspF targets
the mitochondria and relates to the exploitation of mitochon-
dria to control EspF’s cellular functions. As most EspF is
rapidly imported into active mitochondria during early infec-
tion, the effector is restricted in targeting other cellular sites
(Fig. 3), an example of regulation by sequestration. However,
as MMP progressively decreases with infection, induced by
EspF (and other EPEC effectors) (26), mitochondrial import
diminishes and newly delivered EspF is free to target other
infection sites. One of these sites was recently revealed to be
the nucleolus and chemical inhibition of MMP or using the
EspF L16E variant that does not target the mitochondria,
resulted in rapid nucleolar uptake of EspF (Fig. 3D). This
kinetic regulatory role of the mitochondria enables EspF to
perform its transient cytoplasmic roles (Fig. 3) en route to
active mitochondria but also ensures that these EspF activities
are tightly regulated and not overtly deleterious to the host
cell. Taken together, the primary function of mitochondrial
targeting and dysfunction by EspF may be a regulatory one
with EspF-induced apoptosis, at least in EPEC-infected cells,
possibly an undesirable in vitro observed outcome.

NUCLEOLUS: A NEW TARGET FOR
BACTERIAL EFFECTORS

The nucleolus is a non-membrane-bound organelle within
the nucleus of eukaryotic cells that is responsible primarily for
ribosome biogenesis (2). Until recently, no bacterial pathogens
were known to target the nucleolus despite almost all known
viruses targeting proteins to this subnuclear structure. EspF
was identified as the first bacterial protein to target the nucle-
olus (14), particularly during late-stage infection and also when
expressed in host cells, driven by an N-terminal targeting do-
main (residues 21 to 74) (14). Within the nucleolus, EspF
caused the mobilization of a subset of nucleolar factors, par-
ticularly the most abundant nucleolar protein nucleolin, which
aberrantly entered the cytoplasm, depleting its nucleolar levels
(14). This appears to be an important event, as nucleolin’s role
in ribosomal processing is dependent on its nucleolar location.
Not surprisingly, ribosomal processing was also shown to be

impaired by EspF, when ectopically expressed in host cells
(14). Although the role of nucleolar targeting in disease is
unclear, the disruption of ribosome biogenesis and protein
translation would likely prevent de novo defense responses
during long-term bacterial infection. However, this potential
infection strategy may not be universal; unlike EPEC and
EHEC, mobilization of nucleolin was not observed during in-
fection with C. rodentium or RDEC-1 (14).

MEMBRANE REMODELLING AND
CYTOSKELETAL MODULATION

EPEC EspF has six putative PxxP SH3 binding motifs within
its three PRR domains, and two studies have revealed that it
specifically binds to the SH3 domain of the host protein sorting
nexin 9 (SNX9). EspF interacts with SNX9 in the cytosol dur-
ing infection to induce the formation of membrane tubules (1,
29). Alto et al. (1) used phage display to determine that the
preferred EspF binding site of SNX9 is RxAPxxP, a repeat
sequence found at the N-terminal end of each PRR module. In
the host cell, SNX9 is normally involved in host membrane-
cytoskeleton processes, and the binding of EspF to SNX9 ap-
pears to regulate host membrane alterations (1). However, the
role of membrane remodelling during bacterial infection has
not been determined and is unlinked to the disruption of tight
junctions (TJ) (1), NHE3 inhibition (see below), or antiphago-
cytosis (59). Recently, it has been suggested that EspF employs
SNX9 for the invasion of intestinal epithelial cells (59) (as
described below).

In addition to the SNX9 binding sites, the putative N-WASP
binding motif of each PRR has also been shown to be func-
tional, mediating the direct interaction of EspF with the
Cdc42/Rac-interactive binding (CRIB) domain of N-WASP
(1). All EspF variants possess the N-WASP binding sites, in-
cluding the distantly related homologue Tccp/EspF(U), sug-
gesting some level of functional similarity between these effec-
tors. In vitro biochemical studies have revealed that EspF binds
and activates N-WASP, which subsequently induces actin po-
lymerization (1), and work on Tccp/EspF(U) has revealed that
N-WASP activation is promoted by the synergistic actions of
the EspF repeat regions, with multiple repeat regions confer-
ring higher N-WASP activation than a single repeat alone (3,
44). Interestingly, a recent study has shown a direct interaction
between actin itself and EspF from rabbit EPEC strain E22
(45). In the latter study, EspF was shown to contribute to the
extent and size of actin-based pedestals in EPEC-infected cells,
presumably through its direct modulation of the cytoskeleton,
although no role for N-WASP was demonstrated (45). EspF
modulation of actin may be linked to several prominent host
cellular changes, including microvillus elongation (49), mi-
crovillus effacement (12), TJ disruption (35), and antiphago-
cytosis (47). Therefore, the ability of EspF to bind actin and
signal through N-WASP may have important disease-relevant
implications (45). Finally, EspF also binds cytokeratin 18, a
protein that forms part of the intermediate filament network in
epithelial cells, and this interaction was suggested to facilitate
collapse of this important cellular structure (57).
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ANTIPHAGOCYTOSIS, INTESTINAL CELL INVASION,
AND M-CELL TRANSLOCATION

EPEC was known for several years to inhibit macrophage
phagocytosis, but the effector(s) responsible remained elusive
(6). EspF was originally discounted to play a role in antiph-
agocytosis (6), but two more recent studies showed that EspF
is the main effector responsible for this function (30, 47), with
roles for other effectors in the process (30). Indeed, EspF has
been shown to inhibit PI-3 kinase-dependent uptake of the
bacteria into macrophages, with a requirement for the N-ter-
minal half of EspF but no role for mitochondrial targeting (47).
More recently, Martinez-Argudo et al. have shown that EPEC
inhibits its own uptake into intestinal M cells, dependent on
EspF that probably inhibits signaling pathways similar to those
observed with macrophages (32).

Although EspF inhibits bacterial uptake in macrophage/M-
cell lines, it appears to have the converse role in intestinal
enterocytes, for which it actively promotes cell invasion (59).
EspF-mediated cell invasion was dependent on the SNX9
binding motifs of EspF, suggesting that SNX9 is involved in the
bacterial internalization process (59). However, the intestinal
cells used in this study were only partially polarized, and as
EPEC is considered a noninvasive pathogen on polarized ep-
ithelia, the role of EPEC invasiveness in disease is unclear. In
any case, this EspF-mediated mechanism is apparently missing
from Hep-2 cells, as a separate study found no role for EspF in
EPEC invasion of these cell types (34).

EspF-MEDIATED CELLULAR CHANGES LINKED
DIRECTLY TO DIARRHEA

Several mechanisms contribute to the onset of diarrhea,
including a loss of intestinal microvilli, disruption of epithelial
tight junctions, and inhibition of epithelial transporter activity,
all of which are mechanisms induced by A/E pathogens (19).
Although these cellular processes are quite different, EspF has
been demonstrated to play important roles in each, as de-
scribed here.

Tight junctions. Tight junctions (TJ) between adjacent cells
form an effective barrier to the paracellular movement of water
and small molecules, and their disruption is associated with
diarrhea. Disruption of epithelial tight junctions is a well-doc-
umented EPEC event, measured by a drop in electrical resis-
tance of an epithelial monolayer (5, 46, 52) and has also been
shown in vivo with C. rodentium (28). This function was the first
ascribed to EspF (35) and was also used to identify EspF’s
molecular chaperone CesF (16). The authors of the former
study speculated that EspF may not be acting alone in the
disruption of TJs (35), and indeed, subsequent studies have
shown that EspF cooperates with the EPEC effectors Map, Tir,
EspG, and NleA to mediate rapid TJ disruption (11, 13, 53,
54). The molecular details of EspF-mediated TJ disruption are
slowly becoming unraveled, and while mitochondrial targeting
is not involved (58), the recruitment of tight junctional proteins
to bacterium-induced pedestals by EspF has been implicated
(45). The EspF domains involved in TJ disruption remain
undefined, but studies suggest that they likely exist in the PRR
of the effector, as there is no obvious role for mitochondrial or
nucleolar targeting (14, 58). Importantly, EspF has been shown

to contribute to TJ disruption in vivo, suggesting that this
cellular function plays an important role during infection, at
least in the mouse model (20).

It has been known for some time that the outer membrane
protein Intimin is essential for EPEC to mediate TJ disruption
(11). Recent evidence suggests that the interaction of Intimin
with the Tir effector (13) is a prerequisite event that is neces-
sary for the TJ-disrupting activities of the other effectors, pro-
viding EPEC with additional control over effector function
(13). This shows that EspF requires additional EPEC-medi-
ated signaling to disrupt the TJs, and this is further supported
by a separate study in which expression of EspF alone within
epithelial cells had no observable effect on tight junctions (1).

Epithelial transporters. In addition to barrier dysfunction,
disruption of water reabsorption is a common mechanism
linked to diarrhea. The reabsorption of water is dependent on
epithelial transporters, such as the sodium glucose cotrans-
porter SGLT1, the water channel aquaporin, or the sodium
hydrogen exchanger NHE3. Surprisingly, all three of these
epithelial transporters are targeted and impaired by EspF dur-
ing bacterial infection (12, 21, 24). SGLT-1 is the main intes-
tinal water pump, and its importance is demonstrated in hu-
man genetic disorders in which a mutant form of SGLT-1
results in excessive diarrhea and infant death (36). SGLT-1 is
rapidly inactivated prior to the loss of microvilli by the coop-
erative activities of EspF, Map, Tir, EspG, and EspH (12), with
EspF having been shown to play a significant role (P. Dean, S.
Quitard, N. Garmy, C. Gillespie, and B. Kenny, unpublished
data). NHE3, in contrast, mediates the exchange of sodium-
hydrogen ions in the intestine and has been linked to diarrhea
in NHE3-knockout mice (50). Hodges et al. (24) revealed that
NHE3 is targeted by EPEC in a time-dependent manner and
that EspF was almost entirely responsible, given that an espF
mutant was highly defective in this subversive event. Finally,
EspF also acts upon a third class of epithelial surface protein,
the intestinal water channel aquaporin (21). Mice infected with
C. rodentium display a marked alteration in the cellular loca-
tion of aquaporin within the mouse colon, which was linked to
diarrheal symptoms (21), and EspF was shown to play a sig-
nificant role in this process.

Microvillus effacement. Effacement (or loss) of host mi-
crovilli is a defining feature of the A/E pathogens and often
considered to be the major contributor to diarrhea. Although
multiple effector proteins are involved (12), EspF has a well-
defined role in initially causing peripheral microvilli to elon-
gate (49) and also in inducing the effacement of peripheral
microvilli around the bacteria (12). This EspF-effacing activity
continues during infection, resulting in increasing zones of
effacement around the attached bacteria (12). However, re-
ports of this distinctive phenotype are only from in vitro stud-
ies, and it is still not clear whether such an activity occurs in
vivo. Also, it is uncertain whether the elongation and efface-
ment of peripheral microvilli are a manifestation of a common
cellular function in different cell types, as the former has been
described for ex vivo tissue (49), while the latter occurs on
intestinal cell lines (12).

Overall, the targeting of cellular processes that are directly
linked to diarrhea-related symptoms appears to represent a
significant proportion of the functional repertoire of EspF.
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This suggests that EspF is likely to play an important role in
disease caused by the A/E pathogens.

EspF AS A VIRULENCE FACTOR

A major obstacle in defining the importance of a particular
effector in disease is often the high level of functional redun-
dancy between effectors. EspF is no exception, as it displays
some of the highest levels of functional overlap described for a
bacterial effector (10). Thus, any defects in the virulence of an
EspF-deficient mutant may be masked by the actions of other
effectors with a similar function. With this caveat in mind,
EspF has been shown to be of moderate importance in the
virulence of A/E pathogens. Although two separate studies
with mice infected with C. rodentium showed that EspF con-
tributes to mouse lethality, intestinal histopathology, and col-
onization (15, 40), a different study suggested only partial in-
volvement (38). Rabbit infection with EHEC also revealed that
EspF is an important colonization factor and suppressor of the
host inflammatory response (48). Whether EspF is important
in human infection with EPEC or EHEC has not been deter-
mined, but if the animal model results are to be extrapolated to
humans, combined with the growing number of EspF functions
on human cell lines, it seems highly probable that EspF plays
an important role during EPEC/EHEC infection. Notably, and
as put forward in this review, many functions of EspF disrupt
cellular processes that have been proven to play a role in
diarrheal symptoms and strongly point to EspF being a prom-
inent effector in the manifestation of diarrhea. Also notable is
that EspF has its own dedicated chaperone CesF, unlike most
other A/E pathogen effectors which share and compete for a
common chaperone binding partner. Whether this has any
bearing on the importance of EspF is unclear, but it suggests
that A/E pathogens seem to give EspF special attention and
ensure that it does not have to compete with other effectors
during the translocation process. Finally, the importance of
EspF may be drawn from findings that relate to effector levels
delivered into host intestinal cells. Mills et al. (37) revealed
that both Tir and EspZ, two critical virulence factors (15), are
delivered at very high levels in Caco-2 intestinal cells (see
supplemental data set in reference 37). Only EspF was deliv-
ered at comparable levels, with much lower intracellular con-
centrations for the remaining effectors that were tested (37).
Thus, the level of EspF delivered into host cells is undoubtedly
sufficient to affect the normal physiology of the host intestine
during infection and compares with that of other essential
effectors.

CONCLUDING REMARKS

The multifunctionality of EspF is not an exception but typ-
ifies many well-studied effector proteins from several impor-
tant pathogens (see reference 27). Indeed, the number of re-
ported activities for the remaining A/E pathogen effectors
continues to grow, revealing an ever-increasing and awe-inspir-
ing level of complexity within the infected host cell. What is
striking about EspF is that most of its reported functions are
unrelated to each other, suggesting that at the molecular level,
EspF is a highly versatile protein with the ability to hijack
diverse eukaryotic processes. Given the tremendous efforts

that have shed light on EspF’s multiple functions, we are now
in a position to start dissecting these functions and determining
their role in the disease process.
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